Evaporation coefficient (KE) is defined as the ratio of actual evaporation over potential evaporation under the same atmospheric conditions. The use of KE provides an alternative means for evaluating soil moisture status and quantifying soil evaporation by reducing in situ measurements. However, little effort has been made to evaluate the estimation of KE over soil surfaces. In this study, a resistance-based method (KEr) and a temperature-based method (KE) for estimating KE were compared with high-frequency measurements of two-stage soil evaporation. An alternative method (KA) for estimating KE was presented in which soil surface resistance (r 5 ) was computed with temperature differences between remotely measured surface and overlying air (T, -Ta). Results indicated that more accurate estimates of KE were found in the first-stage evaporation from soil surfaces than in the:second stage. Compared with the measurements, the KE method produced the best estimates with a correlation coefficient (r 2 ) of 0.88, a root-mean-square-difference (RMSD) of 0.04, and a mean-absolute-difference (MAD) of 0.03. The KE t method overestimated KE in both stages of evaporation with the lowest r 2 (0.30) and largest RMSD (0.14) and MAD (0.13). The Ka method produced estimates of KE comparable to the KE method, which was a significant improvement from the KE method. The correlation coefficient between KE and measurements was 0.64, and the RMSD and MAD were 0.05 and 0.04, respectively. By incorporating remotely sensed temperature data into physically based algorithms, the KE method probably would be more practical than the KEr or KE method. (Soil Science 2005;170:235-243) 
EVAPORATION from bare soil is a complex process, and it usually proceeds in two distinctive stages (Gardner and Hillel, 1962) : the atmosphere-limited stage and the soil-limited stage. In the atmosphere-limited stage, the top soil layer remains moist and evaporation flux from soil is limited by the amount of available radiant energy. In the soil-limited stage, a dry soil layer has developed with time, and evaporation largely depends on soil moisture profile and soil hydraulic properties.
During a two-stage evaporation, radiometric properties of soil surfaces change (Bowers and Hanks, 1965) along with changes in soil thermodynamic and hydrologic properties (Amano and Salvucci, 1999; Salvucci, 1997) . This provides a unique opportunity to' quantify evaporation through remote sensing techniques by relating thermal infrared and microwave radiance to evaporative flux (Soares et al, 1988) . Most remote sensing studies of evaporation have focused on the estimation of latent heat in the surface energy balance (Katul and Parlange, 1992; Kustas and Norman, 1996) . Remote sensing algorithms for estimating evaporation coefficient during twostage evaporation have not been fully developed.
Evaporation coefficient (KE) is defined as the ratio of actual evaporation (Ea) over potential evaporation (E ) . The use of KF provides an alternative means for evaluating soil moisture status and quantifying soil evaporation by setting a reference level for E,. The concept of crop water stress index (CWSI) (Jackson et al., 1981) can be extended to estimate KE, based on nicrometeorologic aerodynamic resistance (rt) and soil surface resistance (r) (referred to as the resistance-based or KE method) (Boegh et al., 2002) . CWSI has been used in various studies to estimate evapotranspiration over crop canopy. However, ittle effort has been made to evaluate the estimation of KE over soil surfaces. Applying the KE method requires accurate determination of these resistances to water vapor diffusion. Whereas ra can be estimated with conventional meteorologic methods (Monteith and Unsworth, 1990) or remotelv sensed surface temperature and albedo (Bastiaanssen et al., 1998) , r, is difficult to deterniine. For bare soils, r, represents capillary restriction of water vapor diffusion through soil pores and thus is an appropriate indicator of soil evaporation flux (Camillo and Gurney, 1986; van de Griend and Owe, 1994) . It is conimnon to relate r, to near-surface soil moisture content by an empiric function (Camillo and Gurney, 1986; Kondo et al., 1990; Mahfouf and Noilhan, 1991; van de Griend and Owve, 1994) . However, the depth of top soil layer used to deterrnine the surface moisture content is often arbitrary (Yamanaka et al., 1997) . Field observations suggested that r, xvas not only a function of soil moisture content but also depends on wind speed and other atmospheric variables (Kondo et al., 1990) . Therefore, it is difficult to produce accurate hourly or daily evaporation with rs estimated from the empiric function of soil moisture content (Daamen and Simmi0onds, 1996) .
To reduce difficulties in estimating r,, surface thermodynamiic temperature (Qiu et al., 1998) and radiometric temperature (Ben-Asher et al., 1983; Dash et al., 2002) were used in various evaporation models. The temperature difference (Tf-T,) between land surface (T7) and overlying air mass (Ta) governs turbulent exchange at the land-atmosphere interface and is relatively easy to obtain from standard meteorologic data and remote sensing-based estimates (Diak and Whipple, 1995) . Idso et al. (1975a) presented a procedure for calculating 24-hour KE from the maximum value of T, -Ta. Jackson et al. (1988) modified CWSI by comparing the minimumi and maximum values of T, -T, with actual T, -Ta. The temperature difference method for estimating KE (referred to as the KE method) was created by inverting the modified CWSI and has been applied to evaluate evapotranspiration in vegetated areas using satellite-sensed surface temperature (Boegh et al., 2002; Moran et al., 1996) . The only data needed in the KE method are surface temperature and overlaying air temperature, once the maximum and minimunm values of Ts-Ta are determined. This significantly reduces the need for ground measurements, particularly for the determination of r,.
The objective of this study was to evaluate dynamic variations of evaporation flux from bare soil and to compare evaporation coefficients estimated using the KE, KE, and an alternative method. The proposed alternative approach (referred to as the KE method) was intended to reduce extensive data requirements for resistance determination but still maintain the accuracy of the KE method by incorporating remotely sensed temperature data into its physically based algorithms. Evaporation rates during a two-stage evaporation process and concurrent niicronieteorologic variables were measured at high frequencies, and v.ere used to evaluate the accuracy of the three methods for estimating KE during txvostage evaporation.
MATERIALS AND METHODS
Measured actual evaporation rate and the corresponding potential evaporation rate were used to calculate reference values of evaporation coefficient (KE):
where Ea is the actual measured evaporation rate from the soil surface under the given atmospheric condition (m/s); EP is the maximum rate of evaporation from a water surface under the same atmospheric condition (m/s). Ep was estimated with the Penman-Monteith equation (Monteith and Unsworth, 1990) : and specific heat of air (J/kg/°C); r, is surface resistance (s/m); ra is aerodynamic resistance for momentum transfer (s/ni); re is effective resis-tance for heat transfer (s/ri), estimated by putting atmospheric resistance, rh (s/rn), and resistance to long-wave radiative transfer, rr (s/1n), in parallel:
Boundary atmosphere was assumed in neutral stability and siniilarity hypotheses were applied to estimate ra and* rh (Monteith and Unsworth, 1990) . r was estimated by an approximation equation (Campbell and Norman, 1998) . The theoretical minimumii value of r, (= 0 s/in) was used for Ep calculation.
Meteorologic data used for computing Ep are usually different from those observed under nonpotential conditions. For instance, compared with the atmosphere-limited stage, surface albedo increases in the soil-limited stage (Amano and Salvucci, 1999; Idso et al., 1975b) . Thus, R,, 1 measured in the second stage is different from the actual net radiation for maintaininig potential evaporation. To account for this difference, in this study, the value for surface albedo was obtained through the inversion of radiation balance of the wet soil surface in the first stage evaporation:
where Rt, T7, and ox are total solar radiation (W\V/m 2 ), thermodynamic temperature (°C), and albedo at the soil surface, respectively; a is the Stefan-Boltzman constant (W/m 2 /K 4 ); Ea and E, are, respectively, long-wave emissivity of the air and the soil surface; Ea was estimated by an empiric equation (Brutsaert, 1975) ; Es was assumed constant (0.94).
KE r 1etlhod
The surface resistance based evaporation coefficient (KE) (Jackson et al., 1981) can be extended to bare soil by replacing canopy resistance with soil surface resistance:
where aerodynamic resistance ra is the same as in Eq. (2).With estimated ra and measured Ea and D, surface resistance r, was calculated by inverting the resistance equation for latent heat:
pcp(e(T,) -ea(Ta)) r, = yXEa ra (7) where e(T7) is saturation vapor pressure at T7; ea(Ta) is actual vapor pressure at Ta. Saturation vapor pressures at Ts and Ta were computed through the Tetens empiric formula (Buck, 1981) . rS accounts for the additional resistance for water vapor flux to diffuse from soil pores to the imnmediate surrounding air. At the beginning of the second stage of evaporation, evaporation rates reduced from Ep to Ea due to increased r,.
KE Metihod
The surface temperature difference (T, -Ta) based evaporation coefficient (K;), was extended from CWSI (Jackson et al., 1988) :
where T7 and Ta are surface thermodynamic temperature (°C) and overlying air temperature (°C), respectively. (T7-Ta),,,ax and (T -Ta)nin are the maximiium and minimun theoretic values of (T7 -Ta) calculated from Monteith and Szeicz (1962): R -y(l + r,/r)ra D T =-A + -y(l + r;/ra) A + y(l + r/ra) (9)
For saturated soil, Ea = Ep, rs = 0, and T7 -T, = (7T, -Ta)iaaji; for dry soil, Ea = 0, r, = c, and -Ta (T7 -Ta)may (Moran et al., 1994) . Therefore,
To use remotely sensed surface temperature, radiometric temperature, Tan was corrected to T. for soil surface emissivity E, based on an absolute emissivity equation (Sobrino and Cuenca, 1999) . Thus, Eq. (8) can be expressed as
where Tr is surface radiometric temperature after emissivity correction (°C). As formulated in Eq.
(12), remotely sensed surface temperatures are in-
corporated into the KE method, and no explicit information of soil moisture content is required. Compared with the KE method, the estimation of r 5 is not necessary, which simplifies the estimation of KE with conventional meteorologic data.
KE Method
In practice, Eq. (7) is difficult to apply because Ea is usually not known. An alternative approach for estimating r, is needed if the resistance-based method is to be retained. As stated early, both r, and Ts -Ta are state variables that are related to the rate of evaporative water vapor flux at the soil-atmospheric interface. The dependency of r, on T, -Ta was solved from rearranging Eq. (9):
To simplify Eq. (13), a linear relation between r, and Tr -Ta was developed from a regression analysis, in which r, was calculated from Eq. (13), T, and Ta were measured directly in the experiment. Estimated values of r, from the regressive relation were then inputted into the KE method to estimate the evaporation coefficient. The KE method integrates the KE and KE methods by incorporating remotely sensed temperature into the physically based resistance method.
Experiment
The experiment was conducted in the vicinity of the climatologic observatory on the University of Minnesota, St. Paul campus. Waukegan silt loam (fine-silty over sandy, mixed, superactive, mesic Typic Hapludolls) with 15.4% sand, 59.6% silt, and 25.0% clay was sieved through a 0.25-cm screen, with visible organic material removed, packed in a pan (0.5 m X 0.5 m X 0.03 m) with a bulk density of 1.2 X 103 kg/in 3 and completely saturated for 24 h.
On July 23, 2002, the pan (containing soil) was mounted about 1.2 in above the ground on a customized frame. The customized frame consisted of a pivoted beam with metal blocks on one end to counter the weight of the pan and dry soil. An electronic balance (Scientech SL2000) with an accuracy of 1.0 X 10-' kg was mounted on the other end of the beam directly below the pan to automatically record weight changes caused by evaporation. Rates of bare soil evaporative flux were calculated as losses in weight over the area of the pan over time. Evaporation was measured continuously at 1 Hz for a period of 7 h under clear sky conditions.
To concurrently measure the radiometric temperature of the soil surface, a thermal infrared sensor (Exergen IRt/c.2, dominant spectral response 6.5 to 14 pm; response time, 0.1 to 0.2 sec) with a resolution of 0.0001 °C and repeatability of 0.01 °C was mounted at 0.7 m directly above the pan. The field of view of the sensor was 350 and the size of the projected view area was about 0.15 in 2 . Radiometric temperature was measured at 0.1 Hz on a 10-second time step.
Micrometeorologic variables were also measured during the evaporation experiment and recorded at 1 Hz with a datalogger (CRlOX, Campbell. Scientific, Inc.). Copper-constantan thermocouples (type T) and a REBS Q6 radiometer (Radiation and Energy Balance Systems) were used to measure air temperature and net radiation, respectively, at 5 cm above the soil surface. Soil surface temperature was measured with the same type of thermocouples at -1 mn below the soil surface to avoid direct solar radiation. A black and white thermopile pyranometer (Eppley) was used to measure total solar radiation. Wind speed and wind direction were measured with an integrated cup anemometer and a wind vane (Met-One 034A-L Windset), respectively. Relative humidity was measured with a Vaisala HUMICAP 180 capacitive relative humidity sensor contained in a HMP45C probe. The pyranometer, anemometer, and humidity sensor were installed close to the customized frame at the same height as the pan. All measurements were averaged every 10 min to match the minimal characteristic time scales of atmospheric turbulence (Wyngaard, 1990) .
RESULTS

Two-stage Evaporation
The classic two-stage evaporation process was observed in the experiment. The measured 10 min average Ea showed a transition from the atmosphere-linmiited stage I to the soil-limited stage 11 evaporation (Fig. 1) . Measured data xvere fitted with the following piecewise functions (r proceeded at the potential rate EI in the first stage until the time of to when soil moisture nearly depleted. The scattered data points showed large variability of high-frequency E. taken over 1-s intervals. The accuracy of continuous field measurement of Ea was affected by sudden changes in environmental conditions such as wind gust.
Surface Resistance Estimation
T,-Ta is a function of both surface conditions (e.g., soil moisture) and external atmospheric forcing (e.g., Rni) [Eq. T, -Ta (°C) 6 8 10 I Fig. 3 . Linear regression between surface resistance (r,) and differences between surface radiometric temperature (Tr) (after emissivity correction) and air temperature (T,) during two-stage evaporation. Solid line represents best-fitted relation between r, and T, -T decreases in latent heat flux and eventually became dominant in the surface energy balance. Surface radiometric temperature (T,) was corrected for E, to estimate T, from the thermal infrared sensor. Based on the corrected Tr, measured T 5 , and r, estimated from Eq. (13), a linear relation between r, and Tr -Ta was developed (Fig. 3): r 5 -s a(T -Ta) + b (15) where a and b are fitted parameters (Table 1 ) and the relation was statistically significant, with an overall coefficient of determination of 0.83.
Comparison of KE Estimi1ates
Correlations between measured and estimated KE are illustrated in Fig. 4 . As shown in the figure, different methods produced different KE estimates. Generally, for all methods, estimated KE during the first stage (KE -1.0) were closer to the measurements than during the second stage (KE < 1.0). Among the three methods compared in this study, KE T had the highest correlation (r 2 = 0.88) and the lowest root-meansquare difference (RMSD = 0.04) and meanabsolute difference (MAD = 0.03) with the mea- 
Fig. 4. Comparison of different methods for estimating evaporation coefficients (KE). KO is measured KE; KE, KE,
and Ka are KE estimated by the resistance, the temperature difference, and the alternative method, respectively.
sured KE or KE ( Table 2 ). The estimated KE had the lowest correlation with KE (r 2 = 0.30) and the highest RMSD (0.14) and MAD (0.13).
The large deviations between KE and KEO were significantly reduced with the alternative method (KE). The RMSD and MAD for KEa decreased to 0.05 and 0.04, respectively, which wvere comparable to the RMSD (0.04) and MAD (0.03) for the KE method. The correlation with KEO increased from r 2 = 0.30 for KE to a higher value, r 2 = 0.64. Compared with KE, KEa appeared to have similar slope and intercept terms in the Kr, K'E. aiid K'E are evaporationi coefficients (KE) estimated by the resistance, the temilperattire difference, anid the alterinative imiethod, respectively. i2 = coefficienit of the correlation between estimiiated KE anid imieasured KE; a, anid b, = slope and initercept of the corresponidinig regressioni; RMSDroot-mileani-square difference; anid MAD = m11ean-absolutedifferenice between estimiiated aiid imieastired KE linear relation with KE (Table 2 ). The lower correlation with KEO (0.64 vs 0.88) was attributed to relatively larger variability in which data points were more scattered (Fig. 4) .
DISCUSSION AND CONCLUSIONS
High-frequency Ea measurenments along with remotely sensed Tr and concurrently measured micrometeorologic variables provided valuable data sets to evaluate different methods for estimating evaporation coefficients. The experiment was conducted under field conditions xvith a reasonable control of soil surface but still applicable to other situations. A relatively shallow (0.03 in) soil layer was used because radiometric temperature is the skin temperature of a thin layer of surface, i.e., soil surface and a layer imnmediately below soil surface (Norman and Becker, 1995) . Thus, understanding the physical conditions of the near surface layer is the most critical consideration in applying thermial remote sensing to estimate evaporation.
The results indicated that the resistance-based
Ki method produced the best estimates of evaporation coefficients although in practice surface resistances were difficult to obtain. The major difference berween KEA and KEO was the overestimation in the second stage, particularly during the late drying period when a dry soil layer developed. The reason for the overestimation was that in the derivation of the KE method, EP is implicidy defined as the maximiiumii evaporation rate that can be maintained if the same amount of Rn incident on dry surfaces is received on a water-sufficient wet surface. The definition is slightly different from the classic EP definition: Ejis a maximum threshold rate that can be maintained by a given set of atmospheric conditions if there is no water deficit (Thornthwaite et al., 1944 
T To take advantage of both the KE and the KE method, an alternative method (KE) was developed in which r, was estimated as a function of the temperature difference between Tr and Ta.
This reiiioved the need for obtaining r, from in sit ii measurenmenits. The estimated KEv was in good agreemenit with KE and comparable to KE The alternative approach provided reasonable estimates of KE, significantly improved the accuracy of remote sensing-based algorithms, and probably would work the best in practice.
According to Fig. 4 , the KE method still overestimated KE at the second stage. In addition to the assumption made in the derivation of KE equation that evaporation from both wet and dry surfaces is forced by the same amount of R,, other possible reasons for the deviation between KE and KEO include the simplification that E, is constant. In fact, E, may vary from 0.95 for a wet soil to 0.90 when dry soil surface develops (Monteith and Unsworth, 1990) . If 0.90 instead of 0.94 were used for e,, the regression coefficients (a and b) in Eq. (15) would change to -7.10 and 74.9 (r 2 = 0.83), respectively. As a result, the RMSD and MAD betweeni KE and KEO would increase to 0.06 and 0.05, respectively, although the degree of correlation would remain the same (r 2 = 0.64). The use of larger e, (0.94) may also partly explain the overestimationi of the KEt method due to the decrease of the subtrahend in the numerator [Eq. (12) ]. A sensitivity analysis on e, also indicated that the RMSD and MAD of KE would decrease to 0.10 and 0.09 (r 2 = 0.34), respectively, if 0.90 were used as the constant value for E,. Therefore, it is necessary to separate the contributionis from temperature and emissivity and to correct Tr for variations of surface emissivity (Dash et al., 2002) . Moreover, during the second stage of evaporation, the vaporization of soil water mainily occurs at the bottoIml of a dry surface layer, yet the thickness of the dry layer changes with time (Menenti, 1984) , and the position of evaporative fronts is often difficult to define (Yamanaka et al., 1997) . Temperature at evaporative fronts can be more than 5 °C lower than that at soil surface (Boegh and Soegaard, 2004) , and the resistance imposed on water vapor flux in the dry top soil layer is much higher than the resistance on vapor flux in the wet soil layer (Aluwihare and Watanabe, 2003) . Further study will be necessary to investigate the process of evaporation below soil surface to determinie the most appropriate formi of the relation between rS and (Tr -Ta) and its sensitivity to the depth of the dry top soil layer.
APPENDIX
Defi itioni of Symnbols
E, is actual evaporation rate from soil surface (Il/S).
EP is potential evaporation rate under the same atmospheric condition of Ea (mi/s).
EPI is evaporation rate in the first stage (ni/s). t is relative time period from the beginning of measurements (h).
to is transition time from the first-stage .to the second-stage evaporation (h).
R, is total solar radiation (W//ni 2 ). R,; is isothernial surface net radiation (W/m 2 ).
ot is albedo at soil surface. u is Stefan-Boltzmiiani constant (W/m 2 /K 4 ). Ea is long-wave emissivity of air. E, is long-wave emissivity of soil surface. y is psychrometer constant (l'a/°C). A is latent heat of vaporization of water (J/kg). p is air density (kg/m 3 ).
c is specific heat of air (J/kg/°C).
Ta is air temperature CC).
T, is surface thermiodynamiiic temperature CC).
Tr is surface radiometric temperature CC). e,(T) is saturation vapor pressure at T, (Pa).
ea(Ta) is actual vapor pressure at T, (Pa).
A is slope of saturation vapor pressure function with respect to T, (Pa/°C).
D is water vapor pressure deficit with respect to Ta (Pa). r, is surface resistance (s/m). ra is aerodynamic resistance for momenitum transfer (s/ni).
-r is effective resistance for heat transfer (s/m). rh is atmospheric resistance for heat transfer (s/m). r, is resistance to long-wave radiative transfer (s/il) .
KE is evaporation coefficient. KEO is evaporation coefficient estinmated by measured evaporation rates.
KE is evaporation coefficient estimated by the resistance based method.
KE is evaporation coefficient estimated by the temperature difference method.
KE is evaporation coefficient estimated by the alternative method.
